The new type of catalysts designed for the olefin derivatives polymerization has been synthetized. The novel catalysts are chromium(III) salt type complexes composed of both organic cation and anion, i.e. [Cr(dipic) 2 ][Cr(bipy)(dipic)H 2 O]•2H 2 O and [Cr(dipic) 2 ]Hdmbipy•2.5 H 2 O. The compositions of these complexes have been confirmed by a number of instrumental methods including NMR, IR, UV-Vis, MS and elemental analysis ones. Moreover, the crystal structures of these novel catalysts were determined and reported. Furthermore, the [Cr(dipic) 2 ][Cr(bipy)(dipic)H 2 O]•2H 2 O and [Cr(dipic) 2 ]Hdmbipy•2.5H 2 O complexes have been studied towards their catalytic activity, after the activation by MMAO (modified methylaluminoxane), in the case of 2-chloro-2-propen-1-ol polymerization at 21 °C and atmospheric pressure. It has been found that novel catalysts, [Cr(dipic) 2 ][Cr(bipy)(dipic)H 2 O]•2H 2 O and [Cr(dipic) 2 ] Hdmbipy•2.5 H 2 O, exhibit a very high catalytic activity in the process of the polymerization of the beta-olefin derivatives. The products of a such catalyzed polymerization are the poly(allyl alcohol) derivatives.
among the non-metallocene complexes the highest catalytic activity (6970 g•mmol −1 •h −1 •bar −1 ) is observed for chromium(III) complex with triptycenyl and 2-pyridylmethyl 3 . This chromium(III) complex contains the tridentate [O,N,N] monoanionic ligand. However, it should be emphasized that in this case the polymerization product at 50 °C is the low-molecular-weight polyethylene (PE) 15, 16 .
In this paper, for the first time, we report a new type of highly active catalysts for the olefin derivatives polymerization. The novel catalysts are chromium(III) organic salt type complexes composed both of organic cations and anions. They are based on dianionic tridentate ligand and N-heterocyclic compounds. Two complexes [Cr(dipic) 2 ][Cr(bipy)(dipic)H 2 O]•2H 2 O and [Cr(dipic) 2 ]Hdmbipy•2.5H 2 O (dipic -dipicolinate, bipy − 2,2′-bipyridine, dmbipy -4,4′-dimethoxy -2,2′-bipyridine) have been designed and synthesized. In the next step they were investigated as catalysts, after activation by MMAO (modified methylaluminoxane), in the case of the 2-chloro-2-propen-1-ol polymerization at 21 °C and at atmospheric pressure. We report herein the first example of the preparation of poly(2-chloroallyl alcohol) using the complex compounds as catalysts. These results give the prospect of the industrial use of the reported complexes as catalysts in the beta-olefin derivatives polymerization. It is of big importance since the polymers of the beta-olefin derivatives are used to the production of coatings or elastomers. The analysis of literature data shows that the novel complexes have about 5 times higher catalytic activity than the majority of non-metallocene chromium(III) catalysts used mainly to the propylene and ethylene polymerization. Moreover, [Cr(dipic) 2 ][Cr(bipy)(dipic)H 2 O]•2H 2 O and [Cr(dipic) 2 ]Hdmbipy•2.5H 2 O catalyze the polymerization at the room temperature. Furthermore, the synthesis of these compounds are simple, cheap and efficient. The products of the polymerization are the poly(allyl alcohol) derivatives. To sum up, this report shows the possibility of creating a new class of chromium(III) complexes, similar in their structure to the organic salts, as catalysts for the poly(allyl alcohol) derivatives polymerization.
Results
The structures of new complexes. The − π (picoline) interactions and C-H···O hydrogen bonds to form tubes along the b-axis (see Supplementary Material). The adjacent tubes are linked via O-H···O and C-H···O hydrogen bonds between ions and water molecules forming a 3D-framework structure. In the crystal packing of [Cr(dipic) 2 ]Hdmbipy]•2.5 H 2 O ions are linked via π (dimethoxybipy) − π (picoline) interactions and C-H···O hydrogen bonds to form blocks along the c-axis (see Supplementary Material) . The neighbouring blocks are linked by N-H···O, O-H···O and C-H···O hydrogen bonds through water molecules forming a three-dimensional framework structure.
In addition, the synthesized novel complexes were subjected to full spectroscopic analysis, where the results are following: In addition, the 1 H and 13 C NMR spectra allowed the verification of the polymers compositions (Figs 4 and 5) .
The polymerization results are summarized in Table 1 , which includes representative data. In order to compare the activity of the designed catalysts described in this report with others so far known in the literature, we have compiled activities of several non-metallocene chromium(III) complexes in Table 2 . The comparison of their catalytic activities with the activity of our catalysts is quite difficult due to the fact that polyethylene was obtained using catalysts collected in Table 2 and due to other polymerization conditions (temperature and pressure). However, in this Table 2 data on catalysts having a relatively high catalytic activity are collected. All chromium(III) complexes summarized in Table 2 2 ]Hdmbipy •2,5H 2 O). Moreover, in the case of a comparison of the catalytic activity of most of the known catalysts used for the polymerization of various monomers, eg ethene, norbornene, hexene, the catalysts described in this work show more than 5 times higher catalytic activity 12, [20] [21] [22] .
The catalytic activities of NNN-coordinated Cr(III) complexes 23, 24 have been compared with the catalytic activities of the chromium(III) complexes reported in this work. The α,α′-bis(arylimino)-2,3:5,6-bis(pentamethylene)pyridyl-chromium(III) chlorides (where aryl = 2,6-Me 2 Ph Cr1, 2,6-Et 2 Ph Cr2, 2,6-i-Pr 2 Ph Cr3, 2,4,6-Me 3 Ph Cr4, 2,6-Et 2 -4-MePh Cr5) are NNN-coordinated complexes of chromium(III) and they exhibit the catalytic activities (after the use of MMAO as the co-catalyst) for ethylene polymerization in the range 3.73•10 5 -160.27•10 5 g of polyethylene (mol of Cr) −1 •h −1 23 . After the conversion of these values of the catalytic activity to the values expressed in the units presented in this work (Table 2) , the NNN-coordinated Cr(III) complexes 21 , imine-, alkoxy-and alkylthio-substituted cyclopentadienyl groups 22 and triazacyclohexane 25 , which have been used for the ethylene or propylene polymerization.
Methods
Materials. All reagents were purchased from Sigma-Aldrich: 2,6-pyridinedicarboxylic acid (H 2 dipic, 99% purity), 2,2′-bypiridine (bipy, 98% purity), 4,4′-dimethoxy-2,2′-bipyridine (dmbipy, 97% purity), chromium trichloride hexahydrate (96%), toluene (99% purity), modified methylaluminoxane (MMAO-12, 7 wt % aluminum in toluene), 2-chloro-2-propen-1-ol (90%). Material) . Data were collected using the Oxford Diffraction Gemini R ULTRA Ruby CCD diffractometer with the Mo Kα (λ = 0.71073 Å) radiation. The structural determination was performed using the SHELX package. The lattice parameters were determined based on a least-squares fit to the optimized setting angles of the collected reflections by means of CrysAlis CCD 26 . The structures were determined using direct methods, with refinements being carried out by full-matrix least-squares on F 2 using the SHELXL-97 program 27 . H-atoms bound to N-atoms were located on a difference Fourier map and refined with restraints (DFIX command) where U iso (H) = 1.2U eq (N). H atoms from the water molecules were detected on a difference Fourier map and refined with restraints using DFIX command where U iso (H) = 1.5U eq (O). The occupancy factor for the disordered water molecules was 0.5. C-H atoms were detected in a difference map and were refined as riding with the distance constraints: C-H = 0.93 Å and with U iso (H) = 1.2 U eq (C) (C-H = 0.93 Å and with U iso (H) = 1.2 U eq (C) for methyl groups). The computational material -the all interactions demonstrated were revealed with the PLATON program 28 . The all graphics for publication were made using the PLUTO-78, ORTEPII and Mercury programs [29] [30] [31] . Full crystallographic details, excluding structure features, have been deposited (deposition No. CCDC 1586740 and 1586741) for title compounds with the Cambridge Crystallographic Data Center. These data may be obtained, on request, from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (e-mail: deposit@ ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
Synthesis.
IR spectra. The IR spectra were recorded over the 4000-650 cm −1 range in a KBr pellet using the BRUKER IFS 66 spectrophotometer.
UV-Vis spectra. The UV-Vis spectra were recorded using the Perkin-Elmer Lambda 650 instrument supplied with the temperature control (Peltier System) with a scan accuracy of 1 nm and a 1 nm slit width at a scanning rate 120.00 nm.min −1 (298 K). The title complexes were dissolved in DMSO. The concentration of each complex was 5 mM. NMR spectra. The 1 H and 13 C NMR spectra (C 2 D 2 Cl 4 -for polymers and DMSO-d 6 -for complexes) were obtained using the Bruker Avance III 500 (500.13/125.76 MHz) instrument (300 K).
MS spectra. The positive-ion mode MALDI-TOF mass spectra were recorded on the Bruker Biflex III spectrometer with 2, 5 -dihydroxybenzoic acid (DHB) matrixes.
The polymerization process. All studies were conducted under the nitrogen atmosphere at 21 °C and at atmospheric pressure. The violet solution of [Cr(dipic) 2 ][Cr(bipy)(dipic)H 2 O]•2 H 2 O (1.5 μmol, 1.2 mg) in toluene (2 mL) was added to the glass cell with a sealed stopper using a glass syringe. Then 3 mL of MMAO-12 solution was added into the glass cell. The mixture changed color to brown. The solutions in the cell were mixed all the time (a magnetic stirrer). Then 2-chloro-2-propen-1-ol was added dropwise. After 45 minutes the sticky light yellow gel was obtained.
The second polymer was obtained by the same procedure, however, [Cr(dipic) 2 ]Hdmbipy • 2.5 H 2 O (3.0 μmol, 1.9 mg) was used as the catalyst.
